POB1 has been identi®ed as a RalBP1-binding protein and has the Eps15 homology (EH) domain. The EH domain-containing proteins have been suggested to be involved in clathrin-dependent endocytosis. To clarify the function of POB1, we puri®ed a protein which binds to the EH domain of POB1 from bovine brain cytosol and identi®ed it as Epsin, which is known to bind to the EH domain of Eps15. Epsin has three Asn-Pro-Phe (NPF) motifs in the C-terminal region, which are known to form the core sequence for the binding to the EH domain. The EH domain of POB1 interacted directly with the region containing the NPF motifs of Epsin. Expression of Epsin in CHO-IR cells inhibited internalization of insulin although it aected neither insulinbinding nor autophosphorylation activities of the insulin receptor. Taken together with the observations that Epsin is involved in internalization of the receptors for epidermal growth factor and transferrin, these results suggest that Epsin is a binding partner of POB1 and their binding regulates receptor-mediated endocytosis.
Introduction
The Eps15 homology (EH) domain has been originally identi®ed as a motif present in three copies in the Nterminus of Eps15 . Eps15 is a substrate of epidermal growth factor (EGF) receptor kinase and is constitutively associated with plasma membrane and clathrin adaptor protein complex AP-2 (Fazioli et al., 1993; Di Fiore et al., 1997) . Furthermore, expression of the AP-2-binding region of Eps15 in CV-1, COS, and Hela cells inhibits internalization of the EGF and transferrin receptors (Carbone et al., 1997; Benmerah et al., 1998) . Therefore, Eps15 is suggested to be involved in endocytosis. The EH domain has been found in several proteins of mammals, yeast, insects, and nematode, thus establishing its evolutionary conservation . These include Eps15R, Pan1, End3, PAST-1, and R05041. Eps15R has 47% amino acid identity with and exhibits characteristics similar to Eps15 (Wong et al., 1995; Coda et al., 1998) . Pan1 and End3 are Saccharomyces cerevisiae dimeric partners, which are necessary for endocytosis of the amating factor receptor and for normal organization of the actin cytoskeleton (Tang et al., 1997) . The functions of Drosophila PAST-1 and Caenorhabditis elegans R05041 are not known.
The EH domain appears to function as a protein ± protein interaction module and it has been demonstrated that the amino acids Asn-Pro-Phe (NPF) form the core of an EH domain-binding motif . Synaptojanin 1, which participates in synaptic vesicle endocytosis (McPherson et al., 1994) , possesses the NPF motifs, and its interaction with the EH domain of Eps15 have been demonstrated (Haner et al., 1997) . In yeast, the EH domain of Pan1 interacts with yAP180A and yAP180B which have the NPF motifs (Wendland and Emr, 1998) . yAP180s are homologous to mammalian AP180 which binds to clathrin and promotes its assembly into cages, suggesting that AP180 participates in membrane tracking events (Morris et al., 1993) . These results indicate that the EH domain-containing proteins and their binding partners play a role in endocytosis.
We have found a new EH domain-containing protein named Partner of RalBP1 (POB1) (Ikeda et al., 1998) . POB1 has a single EH domain in its Nterminal region and two proline rich motifs and a coiled-coil structure in its C-terminal region (Ikeda et al., 1998) . POB1 has been identi®ed as a binding protein of Ral-binding protein 1 (RalBP1), which is an eector protein of small GTP-binding protein Ral . A POB1 related protein, Reps1 (RalBP1 associated Eps homology domain protein), has been also identi®ed as a RalBP1-binding protein (Yamaguchi et al., 1997) . As well as other small G proteins, Ral has the GDP-bound inactive and the GTP-bound active forms (Chardin and Tavitian, 1986; Feig et al., 1996) . The GDP-bound form of Ral is converted to the GTP-bound form by Ral GDP dissociation stimulator (RalGDS), and inversely the GTP-bound form is changed to the GDP-bound form by Ral GTPase activating protein (RalGAP) (Emkey et al., 1991; Albright et al., 1993) . We and other groups have found that RalGDS is a putative eector protein of Ras (Hofer et al., 1994; Kikuchi et al., 1994; Spaargaren and Bischo, 1994) . Since RalGDS stimulates the GDP/GTP exchange of Ral in a Rasdependent manner (Albright et al., 1993; Urano et al., 1996; Kishida et al., 1997) , there is a signaling pathway from Ras to Ral through RalGDS, and Ral acts downstream of Ras and mediates a part of Ras functions (White et al., 1996; Okazaki et al., 1997; Matsubara et al., 1999) . Although the functions of Ral are not clear, it is speculated that Ral may be involved in endocytosis or exocytosis because Ral is localized to a-granules in platelets and synaptic vesicles in neuron . Exposure of the cells to EGF and insulin increases the GTP-bound active form of Ral through Ras and RalGDS Wolthuis et al., 1998) . The activated Ral forms a complex with POB1 through RalBP1 (Ikeda et al., 1998) . Furthermore, EGF stimulates tyrosine phosphorylation of POB1 and leads to formation of a complex between the EGF receptor and POB1 (Ikeda et al., 1998) . These results suggest that both RalBP1 and POB1 are involved in tyrosine kinase receptor signaling.
POB1 has characteristics similar to Eps15 in that both proteins have the EH domain, proline rich motifs, and the coiled-coil structure, and that both are tyrosine phosphorylated in response to EGF (Fazioli et al., 1993; Ikeda et al., 1998) . Since Eps15 is implicated in internalization of the receptors for EGF and transferrin (Carbone et al., 1997; Di Fiore et al., 1997; Benmerah et al., 1998) , it is possible that POB1 is also involved in the regulation of receptor-mediated endocytosis. To clarify the function of POB1, we have tried to purify a protein which interacts with the EH domain of POB1 from bovine brain cytosol. Here we have identi®ed a binding partner of POB1, and found that it is Epsin which has been shown to bind to the EH domain of Eps15 (Chen et al., 1998) . We demonstrate that the EH domain of POB1 interacts directly with the region containing NPF motifs of Epsin and that Epsin regulates receptor-mediated endocytosis.
Results

Identi®cation of POB1 EH domain-binding proteins
To identify proteins which bind to the EH domain of POB1, bovine brain cytosol was applied to glutathione S-transferase (GST) and GST-POB1 EH columns. After the columns had been washed, the elution was performed stepwise with serial additions of 250 mM NaCl, 500 mM NaCl, 0.5% 3-[(3-cholamidopropyl) dimetylammonio]-1-propane sulfonic acid (CHAPS), and 10 mM glutathione. Several proteins bound to the GST-POB1 EH column but not to the GST column. The assay gave reproducible results only with an 84-kDa protein (p84). The bulk of p84 was eluted from the column with 0.5% CHAPS (Figure 1a) . The fractions containing p84 were concentrated and the partially puri®ed p84 was visualized with Coomassie brilliant blue staining (Figure 1b ).
Molecular cloning of p84
To clarify the primary structure of p84, partially puri®ed p84 was subjected to amino acid sequencing. Six peptide sequences derived from p84 were determined. When we ®rst found this protein, no protein closely related to it was found in mammals beside a human expressed sequence tag (EST) sequence (GenBank accession No. HS370M22). Based on the sequence information from EST, several primers were synthesized. By use of 5'-rapid ampli®cation of cDNA ends (RACE) and 3'-RACE, cDNA encoding the complete sequence of p84 was isolated from human brain cDNA library. The predicted protein contains 551 amino acids (Figure 2a ). The ®rst ATG was preceded by stop codons in all three reading frames and the neighboring sequence around the initiation codon was consistent with the translation initiation start site proposed by Kozak (1987) . All six peptide sequences obtained were found within the deduced amino acid sequences.
While preparing this manuscript, we found that this human protein shares 90% identity with rat Epsin, indicating that it is human Epsin (hEpsin). Epsin has been identi®ed as a binding protein of Eps15 (Chen et al., 1998) . hEpsin has 56% overall amino acid identity with Xenopus MP90 that has been reported to be a mitotic phosphoprotein with a molecular mass of 90 kDa (Stukenberg et al., 1997) . In particular, the N-terminal region of hEpsin, residues 11 ± 144, is highly similar (94% identity) to residues 2 ± 135 of MP90, and this region was named ENTH (Epsin Nterminal homology) domain (Kay et al., 1999) . Both hEpsin and MP90 contain three NPF motifs in their Cterminal region, which are known to be the core sequence of an EH domain-binding motif . Data bases were searched for related proteins to hEpsin. In addition to Xenopus MP90, several sequences were detected, including yeast YDL161W, YLR206W, YJR125C, and YLL038C ( Figure 2b ). However, their functions are not known. Homologies between hEpsin and these yeast proteins are restricted to the N-terminal region. Multiple sequence alignment of the ENTH domain was obtained by the Multiple Alignment Construction and Analysis Workbench (MACAW) (Schuler et al., 1991) ( Figure 2c ). Their identities with the ENTH domain of hEpsin are 51, 47, 47 and 27%, respectively. Although the function of the ENTH domain is not known, its conservation from yeast to mammals suggests an important role of the domain. It is notable that these yeast proteins, except for YJR125C, possess the NPF motifs. In addition to the ENTH domain, hEpsin has nine Asp-Pro-Trp (DPW) sequences and a single Leu- Figure 1 Identi®cation of the proteins which bind to the EH domain of POB1. (a) EH domain-binding proteins. The bovine brain cytosol was separately applied to the GST (lanes 1, 3, 5, 7 and 9) and GST-POB1 EH (lanes 2, 4, 6, 8 and 10) columns. After the columns had been washed (lanes 1 and 2), bound proteins were eluted sequentially with 250 mM NaCl (lanes 3 and 4), 500 mM NaCl (lanes 5 and 6), 0.5% CHAPS (lanes 7 and 8), and 10 mM glutathione (lanes 9 and 10). Aliquots were subjected to SDS ± PAGE (10% polyacrylamide gel) and visualized with silver staining. (b) Partially puri®ed p84. Proteins eluted with 0.5% CHAPS were concentrated and an aliquot was subjected to SDS ± PAGE and visualized with Coomassie brilliant blue staining. Arrows indicate the position of p84
Val-Asp-Leu-Asp (LVDLD) sequence. Sequences similar to LVDLD have been found in several proteins and shown to bind to clathrin directly (Dell'Angelica et al., 1998) . By Northern blot analysis, mRNA of Epsin was detected in various rat tissues including cerebrum, cerebellum, heart, lung, thymus, liver, kidney, spleen, and testis ( Figure 3 ).
Interaction of POB1 with hEpsin
To examine the interaction of POB1 with hEpsin further, full-length and various deletion mutants of hEpsin were expressed as Myc-tagged proteins in COS cells ( Figure 4a , lanes 1 ± 4) and the lysates were incubated with GST-POB1 EH. Myc-hEpsin (fulllength) and Myc-hEpsin-(433 ± 551), but not MychEpsin-(1 ± 205) or Myc-hEpsin-(204 ± 458), were coprecipitated with GST-POB1 EH (Figure 4a, lanes 6, 8, 10 and 12) . GST alone did not coprecipitate MychEpsin and its deletion mutants ( Figure 4a , lanes 5, 7, 9 and 11). To examine whether this binding is direct, overlay assay and binding assay with puri®ed proteins were performed. Myc-hEpsin expressed in COS cells and p84 in bovine brain cytosol were reacted with GST-POB1 EH (Figure 4b , lanes 1 ± 3) but not with GST (data not shown) in overlay assay. Various hEpsin deletion mutants were puri®ed as maltosebinding protein (MBP) fusion proteins from Escherichia coli (E. coli) (Figure 4b , lanes 7 ± 9). Since MBPhEpsin-(433 ± 551) was easily degraded, it was not used in this experiment. In overlay assay, GST-POB1 EH bound to MBP-hEpsin-(204 ± 551) but not to MBPhEpsin-(1 ± 205) or MBP-hEpsin-(204 ± 458) (Figure 4b , lanes 4 ± 6). Furthermore, MBP-hEpsin-(204 ± 551) was precipitated with GST-POB1 EH but not with GST ( Figure 4c , lanes 1 and 2). This interaction was inhibited by a peptide consisting of the C-terminal 10 amino acids of hEpsin (PAPNTNPFLL) but not by a control peptide containing the DPF motif of Eps15 (ATSSTDPFSA) (Figure 4c , lanes 3 and 4). Taken together, these results indicate that the EH domain of POB1 interacts directly with the NPF motifs of hEpsin. However, the interaction of expressed POB1 and hEpsin in COS cells could not be observed. The interaction of these proteins may be transient, and therefore dicult to detect in intact cells. Alternatively, POB1 or Epsin may have another binding partner with high anity for each protein.
Regulation of internalization of insulin by hEpsin
Since it has been shown that Epsin is involved in the clathrin-dependent internalization of the receptors for EGF and transferrrin (Chen et al., 1998) , we examined whether hEpsin is involved in other receptor-mediated endocytosis. In this experiment, we used CHO-IR cells which overexpress the insulin receptor since the insulin receptor undergoes endocytosis upon insulin stimula- (Figure 5d ). In the wild-type cells, about 50% of prebound insulin underwent internalization by 23 min. Expression of Myc-hEpsin resulted in about 20 ± 50% reduction of the internalization (Figure 5d ). The degree of inhibition of internalization of insulin by hEpsin was higher at 7.5 min than at 23 min, suggesting that hEpsin may aect an early event of the insulin receptor internalization. These results indicate that hEpsin is not involved in the insulin-binding and autophosphorylation activities of the insulin receptor but regulates its internalization.
Discussion
In this study we have found that Epsin interacts directly with the EH domain of POB1. Epsin has been originally identi®ed as a binding protein of Eps15 (Chen et al., 1998) . Consistent with previous observations that the EH domain of Eps15 interacts with the NPF-containing proteins Salcini et al., 1997) , the EH domain of POB1 binds directly to the region containing the NPF motifs of Epsin. Furthermore, an NPF peptide but not a DPF peptide inhibits the binding of POB1 to Epsin. Therefore, their interaction could be mediated through the EH domain and the NPF motif. It has been shown that Intersectin, a protein that contains two EH domains and ®ve SH3 domains, binds to Ibp1 and Ibp2 (Yamabhai et al., 1998) . From their amino acid sequences, Ibp1 is Epsin and Ibp2 is its homolog. These results indicate that several EH domain-containing proteins, including Eps15, POB1, and Intersectin, bind to Epsin. It remains to be clari®ed whether these proteins simultaneously interact with Epsin or they compete with one another for their binding to Epsin. It is tempting to speculate that the functions and subcellular localization of Epsin are regulated by dierent binding partners.
The structure of the second EH domain of Eps15 has been reported (de Beer et al., 1998) . The core of the EH domain folds into two helix ± loop ± helix motifs connected by a short b-sheet. The NPF peptide binding site of the Eps15 EH domain is located in the hydrophobic pocket between the second and the third helices. We have also determined the solution structure of the EH domain of POB1 by heteronuclear multidimensional nuclear magnetic resonance spectroscopy (Koshiba et al., 1999) . The POB1 EH domain is signi®cantly similar to the Eps15 EH domain and the residues containing hydrophobic pocket that binds to the NPF peptide are well conserved. Both EH domains consist of EF hand that is a common helix ± loop ± helix structural motif that binds calcium via conserved negatively charged side chains in the loop (Heizmann and Hunziker, 1991) , and indeed they bind to calcium (de Beer et al., 1998; Koshiba et al., 1999) . Screening with a multivalent nonapeptide phage display library has revealed that ten of thirteen EH domains from (Tang and Cai, 1996; Di Fiore et al., 1997; Haner et al., 1997; Tang et al., 1997; Wendland and Emr, 1998) . Similar to many cell surface receptors, the insulin receptor is internalized into intracellular vesicular compartments following ligand binding and tyrosine kinase activation (Levy and Olefsky, 1987; Backer et al., 1989) . It has been shown that insulin receptor kinase tyrosine autophosphorylation in conjugation with the dileucine motifs located in juxtamembrane domain of the bsubunit is essential for the insulin receptor internalization (Backer et al., 1992; Hamer et al., 1997) and that the insulin receptor internalization occurs through a dynamin-and clathrin-mediated endocytic pathway (Ceresa et al., 1998) . Our results have demonstrated that expression of Epsin inhibits internalization of insulin. This result does not always re¯ect that Epsin negatively regulates the insulin receptor endocytosis, because its overexpression may interfere with the functions of proteins that are involved in the endocytosis through recruitment of the binding partners even though Epsin is a positive regulator. We have also demonstrated that expression of Epsin does not aect the insulin-binding and autophosphorylation activities of the insulin receptor. Taken together, Epsin could play a role not in events such as ligand binding and receptor phosphorylation but in an event such as the entry of insulin receptor into endocytic vesicles. The central region of Epsin binds to AP-2 (Chen et al., 1998) . Epsin has LVDLD sequence. Similar amino acid sequences are found in b-subunits of clathrin adaptors (AP-1, AP-2, and AP-3), arrestin 3, and amphiphysin, and shown to bind clathrin directly (Dell'Angelica et al., 1998) . Therefore, Epsin may regulate endocytosis by interacting with clathrin/AP-2. Furthermore, Epsin has the ENTH domain. Evolutionary conservation of the ENTH domain suggests that this domain is important for the function of Epsin and that it may bind to another protein. We have recently found that Ral, RalBP1, and POB1 are involved in internalization of the receptors for EGF and insulin (Nakashima et al., 1999) . Taken together, the signal from Ral to Epsin through RalBP1 and POB1 and the assembly of the complex formation of these proteins may be important for regulation of receptor-mediated endocytosis.
Materials and methods
Materials and chemicals
CHO-IR cells (insulin receptor-overexpressing CHO cells) and the anti-GST and MBP antibodies were kindly supplied by Drs Y Ebina (Tokushima University, Tokushima, Japan) and M Nakata (Sumitomo Electric Industries, Yokohama, Japan), respectively. The peptides consisting of PAPNTNPFLL and ATSSTDPFSA designed from hEpsin and Eps15, respectively, were from Drs J Nakagawa and Y Hamajima (Taisho Pharmaceutical Co., Ltd, Omiya, Japan). GST and MBP fusion proteins were puri®ed from E. coli according to the manufacturer's instructions. MBP-hEpsin-(1 ± 205) and MBP-hEpsin-(204 ± 458) were fused to bgalactosidase a subunit at their 3'-termini, thereby making the molecular weights larger than those calculated from amino acid sequences. CHO-IR cells stably expressing hEpsin were generated by selecting with hygromycin as described (Okazaki et al., 1996) . A pACTII/human brain cDNA library and a Marathon ready cDNA library were purchased from Clontech Laboratories, Inc. (Palo Alto, CA, USA). 
Plasmid construction
To construct pGEX-2T/POB1-(126 ± 227) (EH domain), 0.3 kb fragment encoding POB1-(126 ± 227) with BamHI and KpnI sites was synthesized by polymerase chain reaction (PCR) and digested with KpnI, blunted with T4 polymerase, and digested with BamHI. Then the fragment was inserted into pGEX-2T which was digested with EcoRI, blunted with Klenow fragment, and digested with BamHI. To construct pEF-BOS-Myc/hEpsin (full-length), pEF-BOS-Myc/hEpsin-(1 ± 205), pEF-BOS-Myc/hEpsin-(204 ± 458), pEF-BOS-Myc/ hEpsin-(433 ± 551), pMAL-c2/hEpsin-(1 ± 205), pMAL-c2/hEpsin-(204 ± 458), and pMAL-c2/hEpsin-(204 ± 551), pBSKS/ hEpsin was digested with various restriction enzymes and the appropriate hEpsin cDNA fragments were inserted into pEF-BOS-Myc or pMAL-c2.
Identi®cation and puri®cation from bovine brain cytosol of the protein which binds to GST-POB1 EH Bovine brains were obtained from the heads of freshly slaughtered cattle and frozen at 7808C until use. All procedures were carried out at 48C. Cerebral tissue (approximately 150 g, wet weight) was homogenized in a Potter-Elvehjem Te¯on-glass homogenizer with 450 ml of Buer A (25 mM Tris/HCl [pH 7.5], 1 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol (DTT)) containing 1 mM phenylmethylsulfonyl¯uoride (PMSF). The homogenate was centrifuged at 20 000 g for 30 min and the supernatant was centrifuged again at 100 000 g for 1 h. The supernatant was used as bovine brain cytosol. GST-POB1 EH was incubated with glutathione-Sepharose 4B for 12 h, and glutathione-Sepharose 4B containing GST-POB1 EH was packed in a column (1 cm diameter). Approximately 5 mg of GST-POB1 EH bound to 1 ml of glutathione-Sepharose 4B. The column was equilibrated with Buer A. To identify proteins which bind to the EH domain of POB1, bovine brain cytosol (30 mg of protein) was separately applied to a glutathione-Sepharose 4B column containing GST (0.3 ml) and a glutathione-Sepharose 4B column containing GST-POB1 EH (0.3 ml) equilibrated with Buer A. After the columns had been washed with 3 ml of Buer A, stepwise elution was performed with 3 ml each of Buer A containing 250 mM NaCl, 500 mM NaCl, and 0.5% CHAPS followed by 3 ml of 25 mM Tris/HCl (pH 8.0) containing 10 mM glutathione, 1 mM MgCl 2 , 1 mM EGTA and 1 mM DTT. When each fraction was subjected to SDS ± PAGE and visualized with silver staining, an 84-kDa protein (p84) was found to bind to the GST-POB1 EH column but not to the GST column, and the bulk of this protein was eluted from the column with 0.5% CHAPS. To purify a large amount of p84, bovine brain cytosol (100 mg of protein) was applied to GST-POB1 EH column (1 ml) and p84 was eluted with 0.5% CHAPS. The same procedures were repeated nine times. The fractions containing p84 were concentrated to 90 ml using Centricon-10 and dialyzed against a large volume of Buer A containing 0.05% CHAPS.
Amino acid sequencing
Puri®ed p84 was resolved by SDS ± PAGE and transferred to a polyvinylidene di¯uoride membrane. The band corresponding to p84 was digested by lysyl endopeptidase, Acromobacter protease I (Iwamatsu, 1992) . The resulting peptides were fractionated by C18 column chromatography and subjected to amino acid sequencing. Six sequences from the peptides were obtained.
Molecular cloning of hEpsin
We searched for a human homolog of amino acid sequences obtained from p84 by scanning a database of human genes identi®ed by the EST method. The sequence information of the clone (GenBank accession No. HS370M22) allowed the synthesis of a pair of speci®c primers, P1 (5'-ATTGGATCC-TAACGACCCTTGGGGTCC-3') and P2 (5'-ATTGGA-TCCCACGTGGCGCCAGTTCTT-3'). PCR using the P1 and P2 primers was performed to amplify a core cDNA fragment from a pACTII human brain cDNA library. The core 136-bp sequence was obtained from the PCR product and subcloned into pBSKS. P3 (5'-CCAGCTCCCTCATGT-CAGAG-3') and T1 (5'-GTTGAAGTGAACTTGCGGGG-3') were designed based on the sequence information of the core 136-bp cDNA and pACTII vector, respectively, for the ampli®cation of the 3'-region. The PCR product was subcloned into pBSKS and P4 (5'-TCCTCGATTGC-CATCTGCAG-3') was designed based on the sequence. T2 (5'-GTGGTCATATGGCCATGGAG-3') was designed from pACTII vector. Ampli®cation of 5'-region was performed by PCR using P4 and T2. Finally the primers around the initial and stop codons of hEpsin were synthesized and PCR was performed using a marathon ready human brain cDNA library as a template. hEpsin cDNA was subcloned into pBSKS.
Binding assay of POB1 and hEpsin COS cells expressing Myc-hEpsin (full length), Myc-hEpsin-(1 ± 205), , and Myc-hEpsin-(433 ± 551) were suspended in lysis buer (50 mM HEPES/NaOH [pH 7.5], 150 mM NaCl, 10% glycerol, 1.5 mM MgCl 2 , 5 mM EGTA, 10 mM sodium vanadate, 1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin). This suspension was sonicated and centrifuged at 100 000 g for 30 min. The supernatant (6 mg/ml) was used as the lysate. The lysates (1 mg of protein) were incubated with 0.8 mM GST-POB1 EH or GST for 3 h at 48C. GST-POB1 EH and GST were precipitated with glutathione-Sepharose 4B. The precipitates were washed twice with washing buer (50 mM HEPES/NaOH [pH 7.5], 1.5 mM MgCl 2 , 5 mM EGTA), twice with washing buer containing 150 mM NaCl, and twice with washing buer, and then probed with the anti-Myc antibody. Overlay assay with GST-POB1 EH was performed as described . Various hEpsin deletion mutants were puri®ed as MBP fusion proteins from E. coli. The lysates of COS cells, bovine brain cytosol, and MBP-hEpsin deletion mutants were subjected to SDS ± PAGE and transferred to nitrocellulose membranes. GST-POB1 EH or GST was incubated with nitrocellulose membranes in overlay buer (10 mM Tris/HCl [pH 7.4], 150 mM NaCl, 3% bovine serum albumin (BSA), 1 mM DTT, 0.1% Tween-20) at a ®nal concentration of 0.2 mM for 12 h at 48C. The membranes were then washed and probed with the anti-GST antibody. To examine direct interaction of POB1 and hEpsin, 0.3 mM MBP-hEpsin-(204 ± 551) was incubated with 1 mM GST-POB1 EH or GST in 50 ml of reaction mixture (20 mM Tris/HCl [pH 7.5], 1 mM DTT) in the presence or absence of 30 mM peptides for 1 h at 48C. GST-POB1 EH and GST were precipitated with glutathione-Sepharose 4B and the precipitates were probed with the anti-MBP antibody.
Insulin binding and internalization assay
The activities of the binding and internalization of insulin in CHO-IR cells were determined as described previously (Hari and Roth, 1987; Biener et al., 1996) . Con¯uent wild-type CHO-IR cells and CHO-IR cells expressing hEpsin (fulllength) (35-mm-diameter dishes) were incubated with 125 pM [ 125 I]insulin (4 ± 5610 5 c.p.m./p.mol) for 1 ± 15 h at 48C. To examine the insulin-binding activities of the cells, unbound ligands were removed by washing with cold phosphate buered saline (PBS) three times, the cells were lysed with PBS containing 1% Triton X-100 and 0.1% SDS, and the radioactivity was measured with an autogamma counter.
Nonspeci®c binding activity was determined in the presence of a large excess of cold insulin, and was found to be less than 1.5% of total binding. Internalization was initiated by adding warm binding medium (Ham's F12 medium containing 1 mg/ml BSA and 50 mM HEPES/NaOH [pH 7.4]) at 378C after the cells had been washed with cold PBS. At various times the medium was removed and the cells were put on ice, washed twice with an acidic buer (0.2 M Acetic acid, 0.5 M NaCl) for 3 min, and then three times with cold PBS. The acid-extractable radioactivity represents surface-bound insulin. The acid-stripped cells were lysed with PBS containing 1% Triton X-100 and 0.1% SDS. The nonacidextractable radioactivity represents internalized insulin. The rate of the internalization of insulin was expressed as percentage of internalized [ 125 I]insulin relative to total cell associated [
125 I]insulin after 5-h binding. To examine autophosphorylation of the insulin receptor, after 16-h serum starvation the cells were incubated with 1 mM insulin for 10 min at 378C. The cells were lysed and the lysates were probed with the anti-phosphotyrosine antibody.
Other assays
Northern blotting was performed using various rat tissues as described (Ikeda et al., 1998) .
